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A microwave-assisted ultraviolet sterilization system was developed to study the synergistic effect in the sterilization 
of milk. Electrodeless lamps emitting ultraviolet radiation inside the microwave chamber gave a synergistic effect 
without challenging food safety standards. This study compared the results of both microwave and microwave 
assisted ultraviolet sterilizations of milk in terms of various microbial tests and physicochemical properties. The 
microwave-assisted ultraviolet system was found to be more effective compared to microwave alone. A signifi cant 
difference (P<0.05) was observed for total plate count and methylene blue reduction test between microwave and 
microwave assisted ultraviolet treatment from 5 to 15 secs. Microwave-assisted ultraviolet treatment decreased the 
microbial count exponentially and showed <1 log (CFU ml–1) after ten seconds of treatment. During the treatment 
period, no signifi cant difference was observed in the physicochemical properties of milk.
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Milk is almost a complete food with all the essential nutrients and is highly susceptible for 
microbial spoilage. Different thermal treatments as pasteurization, ultra-high temperature 
sterilization (UHT), thermization, and innovative steam injection treatment (ISI) have been 
used to protect milk from microbial spoilage with different temperature-time combinations 
(CLAEYS et al., 2013; ION-TITAPICCOLO et al., 2013). However, these thermal treatments result 
in nutrients degradation. Sterilization of milk makes the product safe with longer shelf life. 
Conventional thermal treatment of milk degrades amino acids resulting in off-fl avour and 
changes in pH and colour (SIEBER et al., 1996). Therefore, it is required to develop alternative 
non-thermal sterilization techniques that would preserve nutrients. Application of microwave, 
ultraviolet (UV) light, and ultrasound has been explored for sterilization of various liquid 
foods with some positive results (KINDLE et al., 1996; ION-TITAPICCOLO et al., 2013; TANG, 
2015). Microwave heating works superior to conventional heating, and reduces the treatment 
time signifi cantly. Microwave pasteurisation and sterilisation preserve quality due to lower 
thermal exposure. It requires less time to inactivate enzymes and most heat-resistant microbes. 
Vitamin (B1, B2, and B6) retention in microwave-treated milk is higher (GÉCZI et al., 2013).
UV radiation can be generated by an electrodeless lamp powered by the electromagnetic 
waves generated by microwaves at the frequency of 2450 MHz. UV treatment of food is a 
USFDA and USDA approved method. USFDA has defi ned a performance criterion for UV 
processing of vegetables and fruit juices to a 5-log reduction for different target microorganisms 
(IWAGUCH et al., 2002; KEYSER et al., 2007). UV treatment is effective and non-toxic in nature. 
UV radiation has lower penetration depth and, hence, is good for surface sterilisation only. 
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Effectiveness of UV is also limited to organic solutes, suspended particles, and colour 
compounds of the juice (KEYSER et al., 2008; KOUTCHMA, 2008; FALGUERA et al., 2011). 
Therefore, standalone application of UV is not recommended. Combination of both 
microwave and UV has higher effi ciency in reducing microbial load exponentially in 
wastewater treatment (MISHRA et al., 2010). This combination can very well be explored to 
fi nd the synergistic effect on microbial load and quality parameters of milk by developing a 
microwave-assisted ultraviolet sterilization (MWUV) system.
1. Materials and methods
1.1. Materials
Raw cow milk was procured locally in Rourkela, Odisha, India. Microbial load and other 
quality of the raw milk were analysed. The raw milk was then treated with microwave alone 
and with microwave assisted UV light at different time intervals (Tn) of 5, 10, 15, and 20 
seconds. The treated samples were analysed for microbial and quality parameters such as 
total plate count (TPC), coliforms enumeration, methylene blue dye reduction test (MBRT), 
colour, total soluble solids (TSS), and pH before and after treatments. A process fl owchart for 
the work done has been shown in Figure 1.
Experimental flow chart 
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Samples taken from each treatment at time intervals of 5, 10, 15, 
20 s for microbial and physicochemical tests 
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count (TPC) 
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reduction test (MBRT) 
Microwave treatment 
Physicochemical 
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Fig. 1. Experimental process fl ow chart for the sterilization process of milk
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1.2. Development of microwave assisted UV sterilization system
A domestic microwave oven (2450 MHz, 1200 W) was modifi ed as per need. Two holes 
(5 mm) were drilled in the ceiling of the microwave for two Tefl on pipes (inlet and outlet). 
The holes were sealed properly with Tefl on adhesive to prevent radiation leakage. The pipes 
were connected to a peristaltic pump. The volumetric fl ow rates in inlet and outlet pipes were 
kept constant (Fig. 2). The speed of the pump (80 to 120 r.p.m.) was adjusted for a continuous 
fl ow of sample to the sample holder. The microwave treatment was started after achieving the 
constant level of the sample inside the sample holder (250 ml). The outlet pipe was connected 
to a stainless steel (SS) cooling coil (length 2 m, diameter 4 mm) to release the heat generated 
during microwave treatment. Water at 20±2 °C was used as coolant.
The electrodeless lamps (Part No. 558432, H-Type, Albatross UV, USA) were kept 
inside the sample holder. The lamps were 152.4 mm long with 9 mm diameter. The rated 
power output was 11.81 kW m-1. The specifi ed UV wavelength ranged between 254 to 365 
nm, which is effective in sterilisation. The electrodeless lamps absorb microwaves and emit 
UV radiations in the sample holder (MAKTABI et al., 2011). A schematic diagram of the 
developed MWUV system is given in Figure 2.
Fig. 2. Line diagram of experimental set-up
(1) : Microwave oven; (2): Electrodeless UV lamp; (3): Reactor ; (4): Tefl on pipes; (5): Cooling chamber; 
(6): Sample collector; (7): Peristaltic pump
1.3. Methods
1.3.1. Methylene blue reduction test (MBRT). MBRT is the most common and rapid method 
for determining the quality of milk in India. It examines the microbial quality of raw and 
pasteurized milk. This test is based on the fact that the blue colour of the dye solution added 
to the milk gets decolourized when the oxygen present in the milk is exhausted due to 
microbes. The sooner the decolourization the more inferior the quality of the milk. Milk 
samples (10 ml) were added with 1 ml of blue dye in sterile test tubes. The test tubes were 
clogged well to cut off the oxygen, and placed in a water bath at 35±1 °C for 7 hour (CHEN et 
al., 2004; AGLAWE & WADATKAR, 2012). Results were analysed as per the standard MBRT 
chart.
12 SINGH et al.: MICROWAVE-ASSISTED UV STERILIZATION OF MILK
Acta Alimentaria 48, 2019
1.3.2. Enumeration of coliforms. MPN method is used to quantify the concentration of 
viable microorganisms (mainly coliform bacteria) in the sample with the help of replicate 
liquid broth in ten-fold dilutions. MacConkey broth (Himedia, India) with composition of 
peptic digest of animal tissue (40.0), lactose (20.0), bile salts (10.0), sodium chloride (10.0), 
neutral red (0.14), fi nal pH (at 25 °C) 7.5±0.2 per litre, was used for the analysis. Then the 
medium and glassware were autoclaved at 121 °C (103.42 kPa pressure) for 15 min. 
Inoculated tubes were incubated at 37±1 °C for 24 h. After 24 h, the presence of gas is 
indicated by bubbles collected in the tube and the acidity is indicated by the colour change in 
the medium (NOVAK & ALMEIDA, 2002; BIENVENUE et al., 2003). The results were analysed 
with reference to the standard MPN chart.
1.3.3. Total plate count (TPC). It is commonly used to quantify the total number of 
viable bacteria in food. Bacteria present in food form colonies when a nutrient medium is 
provided, which can be counted to fi nd the number of cells in the sample. The results are 
expressed as the number of colony forming units (CFU) per ml of the sample (CFU ml–1). 
Nutrient agar was taken as a medium supporting the growth of different types of bacteria. The 
plates were kept aerobically in an incubator at 35±1 °C for 48 h (ANDERSON et al., 2011; BANIK 
et al., 2015). The bacterial colonies were counted in digital colony counter.
1.3.4. Physico-chemical characteristics
1.3.4.1. Colour. The colour of the raw milk, as well as the treated milk, were measured 
by a colorimeter (ColourFlex-EZ, Hunter Lab, USA) in terms L, a, and b. It uses a xenon 
fl ash lamp to illuminate the sample and the refl ected light at different wavelengths (visible 
400-700 nm) are analysed to give the colour values of the sample in numeric value (POPOV-
RALJIĆ et al., 2008; SHEKHAR et al., 2012). “L” denotes lightness and ranges from 0 (black) to 
100 (white); “a” denotes redness when positive and greenness when negative; and “b” 
denotes yellowness when positive and blueness when negative.
1.3.4.2. pH measurement. A digital pH meter (PHS-2F, Harris, England) was used to 
measure the pH of raw and treated milk. The pH meter was standardised using buffer solutions 
of pH 4.0 and 7.0. A sample volume of 50 ml was used for pH measurement by immersing 
the pH probe into the sample (OMOARUKHE et al., 2010; ON-NOM et al., 2010). All measurements 
were done in triplicates. The pH values of samples were compared before and after the 
treatments.
1.3.4.3. Total soluble solids (TSS, ºBrix). A hand-held digital refractometer (MASTER-
S10a, India) was used to measure the TSS of raw as well as the treated milk samples. A small 
amount of the sample was dropped on the glass prism of the refractometer. The TSS (°Brix) 
readings of the samples were noted for further analysis (BIENVENUE et al., 2003; ON-NOM et 
al., 2010).
1.4. Statistical analysis
All experiments were done in triplicate and  statistically analysed with ANOVA and paired 
sample t-test using SPSS (Version 20.0, IBM Corporation, USA), and the differences in mean 
values were denoted by levels of signifi cances (a–e) at P<0.05.
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2. Results and discussion
2.1. Methylene blue reduction test (MBRT)
For MW treatment, it was found that MBRT time increased as the treatment time increased 
from 5 to 10 s. Signifi cant differences (P<0.05) were observed between 0 and 5; 5 and 10; and 
15 and 20 s. But between 10 and 15 s, no signifi cant difference (P>0.05) was observed. 
Similar result was obtained for MWUV treatment (Table 1). The increase in MBRT time may 
be due to the bactericidal effect of UV (ANDERSON et al., 2011). It was found that 15 s was 
suffi cient to get the milk sterilized in MWUV.
Table 1. Comparison of MBRT values of microwave (MW) and microwave assisted ultraviolet (MWUV) 
treatments
Sample No. MBRT time for MW (min) MBRT time for MWUV (min) P-value
T0 85a1 86a1 0.251
T5 147a2 154b2 0.002*
T10 225a3 312b3 0.000*
T15 233a3 413b4 0.000*
T20 418a4 422a4 0.165
Note: All values are mean values; all experiments were performed in triplicate; a, b, indicate signifi cant differences 
by treatment times along the row; 1, 2, 3, 4 indicate the signifi cant differences along column; p-value corresponds to 
probability of occurrence given by one-way ANOVA; * represents signifi cance at level P<0.05.
2.2. Enumeration of coliforms
Both microwave (MW) and microwave-assisted UV (MWUV) treatments showed less 
coliform presence till treatment time of T10 for MW and T5 for MWUV (Table 2). Further 
increase in treatment times of both MW and MWUV milks showed absence of coliform. This 
is under the accepted limit of American Public Health Association (APHA, 1995). The 
combination of MW and UV in the MWUV treatment from T5 till T10 had a synergistic effect 
that sterilized the sample at a faster rate without deteriorating the natural properties of the 
milk. When microorganisms are exposed to UV radiation, cellular purines and pyrimidine 
bases of DNA absorb the energy and are damaged. Hence, the microbes are killed (VANDERZANT 
& SPLITTSTOESSER, 1992; CHYE et al., 2004).
Table 2. Most probable number (MPN) for microwave (MW) and microwave assisted UV (MWUV) treatments 
of milk
Sample DS (0.1) SS (0.01) SS (0.001) MPN ml–1 Low High
MW MWUV MW MWUV MW MWUV MW MWUV MW MWUV MW MWUV
T0 3 3 3 3 2 2 1100 1100 180 180 4100 4100
T5 3 3 3 2 2 2 1100 210 180 40 4100 430
T10 2 1 0 1 0 0 9.2 7.4 14 1.3 38 20
T15 2 0 1 0 1 0 2.0 <3.0 4.5 – 42 9.5
T20 1 0 0 0 0 0 3.6 <3.0 0.17 – 18 9.5
Note: All the values are compared from the standard MPN table; DS: double strength; SS: single strength.
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2.3. Total plate count (TPC)
As the treatment time increased, the TPC decreased for both microwave (MW) and 
microwave-assisted UV (MWUV) treatments up to T15. A signifi cant difference (P<0.05) was 
observed between all treatment times for both MW and MWUV. In case of MWUV, the 
microbial load was minimal after 10 s, whereas a considerable amount of microbial load was 
found in MW treated sample at the same time. MW treatment of milk reduced almost 3 log 
cycles, i.e. from log 5.387 to log 2.23, after 20 s of treatment, whereas MWUV treatment 
reduced up to 5 log cycles (from log 5.408 to <1 log (CFU ml–1) (Table 3). Better sterilization 
by MWUV may be due to the extra stress added by the UV radiations. The results obtained 
from this technique of sterilization meet the World Food Programme Standard (KOUTCHMA, 
2008). Thus, MWUV sterilization can be considered as an alternate effi cient sterilization 
method for liquid foods.
Table 3. Mean values of total plate count (TPC) comparison for microwave (MW) and microwave assisted UV 
(MWUV) treatments
Sample No. TPC for MW
(log(CFU ml–1))
TPC for MWUV
(log(CFU ml–1))
P-value
T0 5.40a1 5.41a1 0.23
T5 3.70a2 3.10b2 0.00*
T10 3.12a3 2.33b3 0.00*
T15 2.31a4 <1.00b4 0.00*
T20 2.23a4 <1.00b4 0.00*
Note: All values are mean values; all experiments were performed in triplicate; a, b: indicate the signifi cant differences 
by treatment time along the row; 1, 2, 3, 4: indicate the signifi cant differences along column; P-value corresponds to 
probability of occurrence given by one-way ANOVA; * represents signifi cance at level P<0.05.
2.4. Analysis of physicochemical properties
Various physicochemical properties, like pH, colour, and TSS, were measured for both MW 
and MWUV treatments (Table 4). There were signifi cant (P<0.05) differences in pH values 
of MW treated samples for all treatment durations. This may be due to the reduction of water 
content in milk due to microwave heating, thus increasing the concentration of minerals 
compared to untreated milk (WALSH et al., 1998; BIENVENUE et al., 2003). Similarly, colour 
and TSS were also statistically analysed at P<0.05. TSS increased due to decrease in water 
content of the milk during treatment (SHEKHAR et al., 2012). Signifi cant (P<0.05) differences 
were observed for all treatment times for MW and MWUV treatments except for 15 and 20 s 
for MWUV. The colour values (L*, a*, b*) also increased with treatment time for both MW 
and MWUV, but no signifi cant (P<0.05) differences were observed between techniques, 
except for 15 and 20 s treatment durations. The differences in L* values for MW were 
insignifi cant (P>0.05) at 0 and 5 s and 15 and 20 s. Similar results were observed for MWUV 
between 15 and 20 s.  This may be due to the increase in the fat content after treatment that 
infl uenced the major colouring parameter (β-carotene) of milk (KNEIFEL et al., 1992; POPOV-
RALJIĆ et al., 2008).
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3. Conclusions
The microwave-assisted UV system has better sterilization effect compared to microwave 
only treatment in terms of the microbial load with minimal treatment time. All results were 
obtained from experiments carried out in a newly developed lab scale microwave-assisted 
UV sterilization system. The microbial analysis MBRT resulted in higher time values, while 
MPN and TPC, in terms of microbial load, resulted in lower numbers for microwave assisted 
UV treatment. The physicochemical values like pH, colour, and TSS of products treated with 
microwave-assisted UV sterilization system were found to be better than microwave treatment 
alone in terms of fi nal qualities of the product.
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